Epstein-Barr virus (EBV)-associated gastric carcinoma (EBVaGC), one of four major gastric cancer types, consists of clonal growth of EBV-infected epithelial cells. However, the significance of viral loads in each tumor cell has not been evaluated. EBV-DNA is stably maintained in episomal form in the nucleus of each cancer cell. To estimate EBV copy number per genome (EBV-CN), qPCR of viral EBNA1 and host GAPDH, standardized by Namalwa DNA (one copy/genome), was applied to the formalin-fixed paraffin embedded (FFPE) surgically resected EBVaGC specimens (n = 43) and EBVaGC cell lines (SNU-719 and NCC-24). In surgical specimens, the cancer cell ratio (CCR) was determined with image analysis, and EBV-CN was obtained by adjusting qPCR value with CCR. Fluorescent in situ hybridization (FISH) was also applied to the FFPE sections using the whole EBVgenome as a probe. In surgical specimens, EBV-CN obtained by qPCR/CCR was between 1.2 and 185 copies with a median of 9.9. EBV-CN of SNU-719 and NCC-24 was 42.0 and 1.1, respectively. A linear correlation was observed with qPCR/CCR data up to 20 copies/ genome (40 signals/nucleus), the limit of FISH analysis. In addition, substantial variation in the number of EBV foci was observed. Based on qPCR/CCR, high EBV-CN (>10 copies) correlated with PD-L1 expression in cancer cells (P = 0.015), but not with other pathological indicators. Furthermore, EBVaGC with high EBV-CN showed worse disease-specific survival (P = 0.041). Our findings suggest that cancer cell viral loads may contribute to expression of the immune checkpoint molecule and promotion of cancer progression in EBVaGC.
Introduction
Epstein-Barr virus (EBV)-associated gastric cancer (EBVaGC), one of the four major types of gastric cancer, consists of clonal growth of EBV-infected epithelial cells. When in situ hybridization (ISH) targeting EBV-encoded small RNA (EBER) is applied to the tissue sections of EBVaGC, all of the cancer cells show positive signals in the nuclei with extremely rare a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 EBER-ISH-positive lymphocytes in spite of dense infiltration of lymphocytes. EBVaGC comprises 5%-10% of gastric cancer cases and has several characteristics distinct from EBV-negative gastric cancers, such as massive lymphocytic infiltration, frequent genetic mutations in PIK3CA and ARID1A, and global hypermethylation of CpG islands [1, 2] . Viral copy number in the systemic circulation is an important clinical indicator of viral diseases. The level of virus loads in the blood has been established as a useful prognostic marker for EBV-associated malignancies, such as nasopharyngeal carcinoma [3] and hematological malignancies [4, 5] . However, the viral copy number in EBV-related tumor tissue has not yet been investigated. Ryan et al . quantified the number of EBV genes in bulk DNA from wholeslide sections of tumor samples [6, 7] . However, the precise EBV copy number in each cancer cell has not yet been examined, because EBVaGC consists of both EBV-infected cancer cells and EBV-negative stromal cells, including many inflammatory cells.
In the present study, we used image analysis to correct the quantitative real-time PCR data of viral and host DNA by the cancer cell ratio for the estimation of EBV copy number per single genome (EBV-CN) of cancer cells. After validating the process with fluorescent in situ hybridization (FISH), clinicopathological significance of EBV-CN was investigated, including expression of PD-L1, which was recently demonstrated to be specific to EBVaGC among gastric cancer subtypes [8, 9] .
Materials and methods

Tissue samples
Forty-three cases of EBVaGC from 1998 to 2012 were obtained from the tissue archive at the Department of Pathology, University of Tokyo Hospital. The selection criteria of the cases were as follows: tumor mass is clearly distinguishable from the normal mucosa, and the diameter of tumor mass is larger than 3 mm. We set this limitation for the purpose of manual macroscopic dissection of the tumor. Sections of 3-μm thickness from formalin-fixed, paraffinembedded (FFPE) blocks were used for hematoxylin and eosin staining and immunohistochemistry, while sections of 10-μm thickness were used for DNA extraction. Clinicopathological data were collected, including the age at surgical operation, sex, location and diameter of the tumor, tumor histology based on Lauren's classification [10] , tumor depth, lymphatic and venous invasion, and metastasis to the lymph node. This study procedure including the consent procedure was approved by the Institutional Review Board of the University of Tokyo (approval number G3521). The study plan is disclosed on our website (http://pathol.umin.ac. jp/research.shtml) with a notification to patients for the opportunity to opt out of the study.
EBER in situ hybridization and immunohistochemistry
EBV-encoded small RNA (EBER) in situ hybridization was performed with EBER peptide nucleic acid (PNA) probe/fluorescein (Y5200, Dako, Glostrup, Denmark) and the DAB Peroxidase (HRP) Substrate Kit (SK-4100, Vector Laboratories, Burlingame, CA, USA). All cases showed positive EBER signal in the tumor nuclei, which confirmed the diagnosis of EBVaGC.
Immunohistochemistry was performed with an anti-multi-cytokeratin antibody (mouse monoclonal, clone AE1/AE3, dilution 1:200; Leica Biosystems, New Castle, UK), anti-PD-L1 antibody (rabbit monoclonal, clone E1L3N, dilution 1:200; Cell Signaling Technology, Danvers, MA, USA), anti-PD-1 antibody (mouse monoclonal, clone NAT105, dilution 1:100; Abcam, Cambridge, UK), and anti-CD8 antibody (mouse monoclonal, clone 4B11, dilution 1:40; Leica Biosystems, Nussloch, Germany). The staining procedure was automated by the Ventana BenchMark XT platform and iVIEW DAB Detection Kit (F. Hoffmann-La Roche, Basel, Switzerland). Immunohistochemistry of cytokeratin was followed by digital image analysis described below. Immunohistochemical data of PD-L1, PD-1, and CD8 of all cases were provided from the previous report, which used the present case series part of the dataset [11] . Briefly, the tumor was regarded as positive for PD-L1 if more than 5% of cancer cells showed membranous staining. PD-L1 or PD-1 positive immune cell infiltration was evaluated semi-quantitatively. CD8 positive immune cell infiltration was analyzed by the digital image analysis software Tissue Studio (Definiens, Munich, Germany) dividing into high and low infiltration groups.
Data of PD-L1 gene amplification was also provided from our previous report [11] . Briefly, fluorescent in situ hybridization of PD-L1 gene was performed and amplification was analyzed. Immunohistochemical data of PD-1 and CD8 was available in 40 of 43 cases, and amplification data was available in 32 of 43 cases in the present study.
Cell line
The Burkitt lymphoma cell line Namalwa (CRL-1432) was purchased from American Type Culture Collection (Manassas, VA, USA). The EBVaGC cell lines SNU-719 and NCC-24 were purchased from Korean cell line bank (Seoul, Korea). The EBV-negative acute monocytic leukemia cell line THP-1 (with diploid chromosomes) was obtained from Cell Resource Center for Biomedical Research, Institute of Development, Aging and Cancer, Tohoku University (Sendai, Japan). Cell lines were cultured in RPMI 1640 medium (Nacalai Tesque, Kyoto, Japan) containing 10% fetal bovine serum and 1% penicillin and streptomycin.
DNA extraction
In all 40 EBVaGC cases, the tumor region was macroscopically dissected with a scalpel from 10-μm-thick sections, and DNA was extracted with the DNeasy Blood & Tissue Kit (QIAGEN, Hilden, Germany) according to the manufacturer's protocol. DNA extraction from cell lines was performed with the same kit.
Quantitative real-time PCR (qPCR)
To determine the EBV copy number, TaqMan qPCR targeting an EBV gene, EBNA1, and a host human gene, GAPDH, was designed. The fluorescent dye HEX was placed at the 5 0 -side of the probes. To lower the background signal, two quenchers, ZEN and IABkFQ, were conjugated to each probe (Integrated DNA Technologies, Coralville, IA, USA). Primers used in the study were as follows: EBNA1, forward GGC CCT GCA GC/IABkFQ/3 0 . Primers and probe for EBNA1 were designed to avoid mutation sites of Namalwa. We also confirmed that the sequences did not include the previously reported mutations of EBV in 9 EBVaGC cases and two EBVaGC cell lines (SNU-719 and YCCEL1) [12, 13] . qPCR was performed using the Applied Biosystems 7300 Real Time PCR System (Applied Biosystems, Foster City, CA, USA) with 2× TaqMan Gene Expression Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), a mix of primers and a probe for EBNA1 or GAPDH, and 30 ng of template DNA. Since both primers were labeled with HEX, assays for each gene were performed in separate wells. Thermal cycling profiles were 2 min at 50˚C, 10 min at 95˚C, and 40 cycles of 15 seconds at 95˚C and 1 min at 60˚C. For absolute quantification, genomic DNA from Namalwa was used as a standard sample. Namalwa contains two copies of EBV tandemly inserted into chromosome 1 [14] . Therefore, the EBNA1/ GAPDH ratio, which is defined as the ratio of EBNA1 and GAPDH gene copy number, is assumed to be 1 in Namalwa cells. Four different amounts of Namalwa DNA (100 ng, 50 ng, 10 ng, and 2 ng) were tested to draw standard quantification curves. Sample DNA was tested in triplicate, and the mean EBNA1/GAPDH ratio in the bulk DNA was estimated from the standard curve. The amplified products were electrophoresed by the MultiNA Microchip Electrophoresis System (Shimadzu, Kyoto, Japan), and bands of the expected length were confirmed.
In addition, to determine the lower limit of detection of our analyses, we also performed qPCR using mixed DNA samples from Namalwa and THP-1 cells in various proportions (1, 1:2, 1:10, 1:100, and 1:1000).
Digital image analysis and estimation of EBV copy number per genome (EBV-CN)
To determine the cancer cell ratio, the number of nuclei of cancer and stromal cells in the macroscopically dissected areas was measured by digital image analysis. The whole-slide images of cytokeratin-imunostained slides of EBVaGC were captured by NanoZoomer 2.0-HT (Hamamatsu Photonics, Hamamatsu, Japan). The digital images were analyzed using the tissue image analysis software Tissue Studio. The immunostained cancer area was distinguished from the stroma, and the number of nuclei was automatically calculated in the cancer and stromal areas, providing the ratio of cancer cell nuclei to the whole cell nuclei (CCR).
Viral copy number per genome (EBV-CN) was calculated by dividing the EBNA1/GAPDH ratio by the CCR. EBV-CN refers to the number of EBNA1 copies per single GAPDH copy in the cancer cell nucleus, presuming the same copy number of GAPDH in the cancer and stromal cell nucleus.
FISH analysis of the EBV genome
A 174-kbp FISH probe was designed complementary to the template bacmid of the whole EBV genome [15] , and Texas Red was conjugated to the probe (GSP Lab, Kobe, Japan). A FITCconjugated control probe that binds near the centromere of chromosome 17 (CEP17) was obtained from GSP Lab. FISH was performed in Namalwa cells and 9 EBVaGC cases according to the manufacturer's instructions. In brief, a 4-μm-thick section was deparaffinized in xylene and hydrophilized in 100% ethanol. The slides were then immersed in the pretreatment solution (GSP Lab, Kobe, Japan) at 100˚C for 30 min. After proteolytic treatment at 37˚C for 15 min, EBV and CEP17 probes were added. The slides were heated at 75˚C for 5 min, incubated at 37˚C overnight, and washed in 2× SSC solution. The nuclei were counterstained with DAPI. The slides were observed under Leica DM6000B microscopy with Leica Application Suite X software (Leica Microsystems). We selected several areas in each case, and a total of 19 pictures (1000× magnification) were consecutively obtained along the z axis over the thickness of 9 μm at an interval of 0.5 μm. In each area, about 40 tumor nuclei containing both EBV and CEP17 signal were selected and the number of EBV signals per tumor nucleus was manually counted.
For comparison between EBV-CN and the number of FISH signals, a four-parameter logistic model, also known as the Hill equation, was fitted to 10 data points including (0, 0) and the averaged values from 9 cases. GraphPad Prism 6 estimated the optimal coefficients of the Hill equation.
FISH of cell lines were also performed by preparing cell blocks. In brief, cells were collected and fixed in 4% paraformaldehyde, then put into agarose gel and embedded in paraffin blocks. Cell blocks were processed in the same way as surgical specimens, then EBV and CEP17 foci were manually counted.
Statistical analyses
JMP Pro 11 (SAS, Buckinghamshire, UK) and GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA) were used for statistical analyses and graphical depiction of the data. Correlations between high or low EBV-CN and the clinicopathological factors were examined by twosided Fisher's exact test. The relationships between EBV-CN and PD-L1 expression were analyzed by two-sided Fisher's exact test and Mann-Whitney U test.
Overall survival (OS) was defined as the time from surgical resection to death of any cause or the last follow-up. Disease-specific survival (DSS) was defined as the time from surgical resection to death solely due to EBVaGC or the last follow-up. The survival time was compared by generalized Wilcoxon's test. Multivariate analysis could not be performed in the current study due to the absence of events in cases with stage pT1 or no lymph node metastasis.
Results
EBV viral copy number per tumor genome (EBV-CN)
First, we performed qPCR on DNA extracted from Namalwa cells (two EBV copies per cell) and THP-1 cells (with no EBV infection and diploid chromosomes) in various proportions. We were able to detect the EBV genome in mixed DNA samples from Namalwa and THP-1 cells even when the ratio of Namalwa:THP-1 cell DNA was 1:1000 (S1 Fig). These results assured high sensitivity of the qPCR method.
Using the conditions of qPCR presented in this study, the EBNA1/GAPDH ratio in EBVaGC cancer tissues demonstrated a median of 1.9 and range of 0.2-44. The ratio of cancer cell nuclei to whole nuclei (CCR) was obtained by analyzing the cytokeratin-immunostained slides with the image analyzer. CCR demonstrated a median of 22% and range of 4.1%-49% (Fig 1A-1D) . The EBV-CN was calculated by dividing the EBNA1/GAPDH ratio by CCR, resulting in a median of 9.9 and range of 1.2 and 185 (Fig 1E) . Cell lines (SNU-719 and NCC-24) were also analyzed by qPCR. As for the cell blocks of the cell lines, adjustment of digital image analyses was unnecessary. EBV-CN was 42.0 in SNU-719 and 1.1 in NCC-24.
Validation of EBV-CN by EBV-FISH
For validation of EBV-CN, the number of EBV signals in the tumor nucleus was directly counted in FISH-stained slides. The Texas Red-conjugated probe against the whole-length EBV genome spotted EBV at a single-copy resolution. In Namalwa cells, one or two EBV signals were observed (Fig 2A) , as previously reported [14] . In gastric cancer cell lines, the number of foci per nucleus was 34±16 in SNU-719 and 3.9±7.3 in NCC-24 (Fig 2B and 2C) . EBVaGC clinical specimens contained various numbers of EBV signals. Two representative cases in Fig 2D and 2E showed cases with 9 and 26 EBV signals, respectively. The numbers of EBV signals were counted in 36-50 nuclei in each region of interest (ROI). The average number represented the EBV signals/nucleus in each ROI. Count data of EBV foci is available in S1 File.
On the assumption that a single tumor nucleus contains two copies of GAPDH, 2 × EBV-CN was compared with the number of EBV signals/nucleus. Distribution of the data points appeared to show proportional relationships with a plateau at a critical point around (40, 40). To justify this observation, a non-linear model based on the Hill equation was fitted (Fig 2F) . In the optimized model with R 2 value of 0.75, the EBV signals/nucleus increased until
EBV-CN correlated with PD-L1 expression but not with clinicopathological features
The total 43 EBVaGC cases were divided into the low EBV-CN group (n = 22) and the high EBV-CN group (n = 21) at a threshold of the median (9.9). There was no clinicopathological factor significantly associated with EBV-CN. However, immunohistochemical analysis revealed that high EBV-CN significantly correlated with positive expression of PD-L1 in cancer cells (P = 0.015), while no correlation was observed with expression of PD-L1, CD8 and PD-1 in stromal immune cells or amplification of PD-L1 gene in cancer cells (Table 1) . Comparison of EBV-CN between PD-L1-positive and -negative tumors revealed that EBV-CN was significantly higher in PD-L1-positive tumors (P = 0.005, Mann-Whitney U test) (Fig 3A) .
Representative images of PD-L1 immunohistochemistry and EBV-FISH are presented in parallel for an EBVaGC case with 40 EBV-CN (Fig 3B, 3D and 3F) and 9 EBV-CN ( Fig 3C, 3E and 3G), respectively. 
EBV-CN and patient prognosis
High EBV-CN was significantly associated with poorer prognosis of the patients in DSS (P = 0.041). High EBV-CN also showed tendency of worse prognosis in OS, although not statistically significant (P = 0.069). (Fig 4 and S2 Fig) . Tumor size, invasion depth, lymphatic invasion, and lymph node metastasis were also correlated with DSS of the patients. However, signals in some cells, while no red signal in others, resulting in the average 3.9/nucleus (B). SNU-719 shows a lot of red signals in each nucleus, 34 on average. There are 7 nuclei in the figure (C). In two EBV-associated gastric carcinoma (EBVaGC) cases, the one shows 9 signals per nucleus (D) and the other 26 signals per nucleus (E). In both figures, several nuclei are aggregated. The graph presents correlation of FISH analysis with qPCR/CCR data (F). The y-axis represents the average number of EBV per nucleus by FISH. The x-axis represents the EBV copy number per nucleus, which was twice the corresponding value of the EBV-CN, assuming no amplification or deletion of GAPDH in the cancer cell nucleus. Dots and bars represent the mean and standard deviation, respectively. For the cases in which 2 × EBV-CN is less than 40, the number of EBV signals in FISH is proportional to 2 × EBV-CN; it gradually comes close to a plateau of 44 when 2 × EBV-CN exceeds 40 (R 2 = 0.75 on the Hill curve fitting). A-E: Scale bar is 5 μm. Yellow arrowheads point to a single red signal of the EBV genome in each figure. https://doi.org/10.1371/journal.pone.0211358.g002 EBV-CN, EBV viral copy number per tumor genome; EBVaGC, EBV-associated gastric carcinoma.
P values were calculated by two-sided Fisher's exact test. � P < 0.05. �� Amplification data was available only in 32 cases, which were studied in our previous report [11] . because of the low number of events, especially absence of events in cases with pT1 tumor or without lymph node metastasis, multivariate analyses of DSS could not be performed.
Discussion
EBVaGC consists of clonal growth of stomach epithelial cells that are infected with EBV. EBV-DNA is present in the episomal form in each cancer cell nucleus and the EBV-CN is stably maintained along the chromatin partitioning. Many studies have investigated the role of viral latent gene products in EBVaGC, but few studies have focused on the significance of viral load in cancer cells. In the present study, EBV-CN was associated with a worse survival rate of patients with EBVaGC. Since there was no association of EBV-CN with clinicopathological features, viral loads themselves might affect the behavior of EBV-infected cancer cells. It is of interest to note that high EBV-CN was correlated with PD-L1 expression in cancer cells. According to our previous study, one-third of EBVaGC cases expressed PD-L1 in cancer cells, which was significantly frequent compared to other subtypes of gastric cancer, such as MLH1-negative, diffuse and intestinal subtypes [11] . Gene amplification of PD-L1 was observed only in a subset of PD-L1 expressing cells [11] . A previous study in EBVaGC cell lines also reported that both SNU-719 and NCC-24 cells expressed PD-L1, and the expression was upregulated by interferon-γ. Under interferon-γ treatment, PD-L1 expression was higher in SNU-719 cells compared with NCC-24 cells, although the difference was small [16] . The mechanisms of PD-L1 expression in EBVaGC thus remains to be elucidated. Viral genomes in the episomal form might directly induce expression of PD-L1 or indirectly induce PD-L1 expression through increased expression of latent genes, such as EBNA1, LMP-2A, EBERs or EBV microRNAs. Our preliminary analysis showed that the expression level of viral transcripts, such as LMP-2A and microRNAs (BART4 and 7), was higher in SNU-719 cells (high EBV-CN) than NCC-24 cells (low EBV-CN) (S1 Table) . A recent study revealed that LMP-1 induces PD-L1 expression through promoter and enhancer activity in EBV-transformed lymphoblastoid cell lines [17] . EBNA2 induces expression of PD-L1 in lymphoma cells through downregulation of miR-34a [18] , which targets PD-L1 [19] . These studies demonstrate that EBV uses PD-L1 to evade immunosurveillance, which might be also the case in EBVaGC, although both LMP-1 and EBNA2 are not expressed in EBVaGC. In melanoma, CD8 + T cells within the tumor microenvironment release interferon-γ, which stimulates melanoma cells to present PD-L1 [20] . A similar molecular mechanism might be occurring in EBVaGC. Most infiltrating T cells express CD8 in EBVaGC [21] and the interferon-γ signaling pathway is highly activated in transcriptomic analysis of EBVaGC cancer tissues [22] . Viral loads might affect the microenvironment through release of viral gene products in a form of exosome [23] . Targeting PD-1/PD-L1 in cancer therapy has a risk of immune-related adverse events [24] . Since EBV infection itself is thought to be associated with some autoimmune diseases such as multiple sclerosis [25] , PD-L1-targeted therapy of EBVaGC, which might induce EBV reactivation and cellular lysis, should be performed with special caution for immune-related adverse events.
The current results may provide a rationale for targeting the virus for treatment of this virus-driven gastric cancer. Chemotherapeutic agents for gastric cancer, including cisplatin and 5-FU, are known to induce the lytic cycle of EBV and render EBVaGC cells susceptible to ganciclovir, an inhibitor of viral DNA polymerase [26] . However, it is not known whether induction of production of viral particles increases the copy number of EBV in residual cancer cells by re-infection. Monitoring of EBV-CN over the chemotherapeutic course might provide useful insights into future treatment.
In the present study, we evaluated viral copy number by two methods, qPCR corrected by cancer cell ratio (qPCR/CCR) and FISH using a probe against the entire EBV genome. The plateau was observed in the FISH analysis, suggesting some technical limitations, such as overlapping of the red fluorescent signals within the nucleus and breakage of the tumor nuclei from the sectioning. Nevertheless, the linear correlation up to 20 copies per genome (40 signals per nucleus) supports the feasibility of the current qPCR/CCR method for estimation of viral loads in EBVaGC. The fact might be due to low frequency of chromosomal abnormalities in EBVaGC [1] . The signal number of EBV by FISH analysis, even below 40 signals, showed some variation in the present study. Cancer cell lines also showed considerable variation in the number of EBV foci among cells. It might be also caused by the technical problems inherent to the use of tissue sections rather than isolated cells. However, a host or viral mechanism maintaining EBV copy number might be deregulated in some cancer cells. Nanbo et al. observed distributions of EBV-derived plasmids in single live cells throughout the cell cycle and found that defect in plasmid synthesis and partitioning results in variation of plasmid number in clonal populations of cells [27] . Chen et al. modified the EBV genome by disrupting one binding site of CTCF, a chromatin regulatory factor of the host [28] . The lymphocytes infected with the mutant EBV harbored a larger number of the viral genome compared with wild-type EBV. These experiments suggest a potential change in viral copy number secondary to certain genetic mutations.
In conclusion, the present study successfully quantified EBV-CN in EBVaGC. Viral load in cancer cells may contribute to the expression of the immune checkpoint molecule and promotion of cancer progression in EBVaGC. The current results provide rationale for targeting EBV for treatment of this virus-driven gastric cancer. 
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